Abstract: Lithium-oxygen batteries have attracted considerable attention as a promising energy storage system. Although these batteries have many advantages, they face several critical challenges. In this work, we report the use of graphene nanosheets (GNSs), nitrogen-doped graphene nanosheets (N-GNSs), exfoliated nitrogen-doped graphene nanosheets (Ex-N-GNSs), and a blend of Ex-N-GNSs with nitrogen-doped carbon (Hybrid 1) as oxygen cathodes. These cathode materials were characterized by the Brunauer-Emmett-Teller (BET) surface area analysis, cyclic voltammetry (CV) and scanning electron microscopy (SEM). In order to mitigate safety issues, all solid-state cells were designed and fabricated using lithium aluminum germanium phosphate (LAGP) as ceramic electrolyte. The cathodes prepared from GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 exhibit remarkable enhancement in cell capacity in comparison to conventional carbon cathodes. This superior cell performance is ascribed to beneficial properties arising from GNSs and nitrogen doped carbon. GNSs have unique morphology, higher oxygen reduction activity, whereas nitrogen-doped carbon has higher surface area.
Introduction
The continuous increase in demand for energy as well as global concerns over the depletion of fossil fuels has led to the exploration of high-density energy storage systems [1, 2] . Among these energy systems, lithium-oxygen battery holds potential as a promising high energy density electrochemical power source anticipated to impact future battery technologies [3, 4] . Compared to LiCoO2 intercalation cathodes in Li-ion batteries, a five-fold higher specific capacities and a four-fold higher specific energies are projected for lithium-oxygen cathodes [5] . Inspite of their high specific capacities, recent material-to-systems-level analysis of lithium-oxygen chemistry predicts importance of system-level comparable mass, volume and cost to other advanced chemistries that are in more mature states of development with low technical risk [6] . A typical lithium-oxygen battery is composed of lithium metal anode, porous carbon based cathode exposed to gaseous oxygen, and lithium ion conducting electrolyte. During discharge, lithium is oxidized at the anode and oxygen is reduced at the cathode to produce discharge products. Subsequent charging causes the decomposition of discharge products and the generation of oxygen. Although these batteries operate on a simple chemical reaction between lithium ions and oxygen molecules, there are many technical challenges that need to be overcome for realization of practical lithium-oxygen battery operating in an ambient environment. Several factors dictate the performance of these batteries, such as oxygen cathode, electrolyte composition, relative humidity, and cell design [7] [8] [9] [10] [11] [12] [13] [14] . In particular, the material architecture of oxygen cathodes plays a key role in governing the electrochemical performance.
Abraham and Jiang [15] pioneered the lithium-oxygen battery technology. They reported cell capacity of 1410 mAh/g in pure oxygen atmosphere. Following this work, significant effort has been focused on cathode formulations [16] [17] [18] [19] [20] [21] , electrolyte compositions [22] [23] [24] [25] , efficient oxygen reduction catalysts [26] [27] [28] [29] , effect of moisture [30] , etc. Inspite of these efforts to improve the kinetics of oxygen reduction reaction (ORR), as well as oxygen evolution reaction (OER) at the cathode, lithium-oxygen cells still exhibit significantly lower discharge capacity than the theoretical cell capacity, and high overpotential with limited cycle life. To this end, it is important to develop oxygen cathodes with a highly efficient ORR and OER catalyst that have significant impact on the desired energy densities of these cells. Recently, graphene nanosheets (GNSs) have been investigated as electrocatalyst for energy storage applications [31] because of its excellent electrical conductivity, distinct morphology, large theoretical surface area, and outstanding electro-catalytic activity. In addition, GNSs have highest reported electron mobilities and good thermal conductivity [32] . These outstanding electro-catalytic, thermal, electronic and mechanical properties make GNSs ideal material for application in ORR and OER but also to host discharge products to accommodate the large volume changes during ORR and OER processes. Recently, GNSs have been employed as oxygen cathode in fuel cells and show a higher discharge voltage under acidic condition [33] . GNSs, nitrogen-doped graphene nanosheets (N-GNSs) were also exploited in non-aqueous lithium-oxygen cells as cathode material that demonstrated an exceptionally high discharge cell capacity [34] [35] [36] [37] [38] .
In continuation of our work on a fully solid-state lithium-oxygen cells [39] [40] [41] [42] , we report here the use of GNSs, N-GNSs, exfoliated nitrogen-doped graphene nanosheets (Ex-N-GNSs), and a blend of Ex-N-GNSs with nitrogen-doped carbon (Hybrid 1) in a solid-state lithium-oxygen cell. In Hybrid 1, nitrogen-doped carbon [40] is a combination of nitrogen-doped Calgon activated carbon and Ketjenblack carbon. Since our approach to fabricate a totally solid-state lithium-oxygen battery is easily scalable, such a battery holds a great potential for applications ranging from electric cars to unmanned aerial vehicles. Although these batteries are of considerable interest, their active life is limited by the diffusion and reduction of oxygen in the cathode. The performance of the cathode in these batteries is a major limiting factor in optimizing the power output. To improve the performance of the cathode, it is of interest to investigate GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 to enhance the oxygen reduction reaction activity. The doping of the GNSs and carbon with nitrogen atoms has drawn much attention because conjugation between the nitrogen lone-pair electrons and graphene π-systems [43] [44] [45] create nanostructures with desired properties. Importantly, the nitrogen doping of carbon materials has been shown to improve the activity of carbon for oxygen reduction [46] [47] [48] . Furthermore, the mesoporous carbon with high porosity is expected to facilitate the access of oxygen to the reaction sites inside the pores of carbon. In this work, we explore the use of mutual properties of Ex-N-GNSs and nitrogen-doped carbon in the cathode of a solid-state lithium-oxygen cell. The roles of porosity and surface area of GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 on electrochemical performance of the lithium-oxygen cell are investigated. It is found that Hybrid 1 cathode delivered high discharge capacity among all GNSs based cathodes studied in this work.
Results and Discussion
The microstructure, surface area, and electro-catalytic activity of GNSs play an important role in the electrochemical performance of lithium-oxygen batteries. Scanning electron microscopy (SEM) and nitrogen adsorption-desorption isotherm at 77 K was employed to examine the microstructures and determine the surface area, respectively, of GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1. Figure 1 shows the SEM images of Ex-N-GNSs and nitrogen-doped carbon (nitrogen-doped Calgon activated carbon and Ketjenblack carbon). Figure 1a ,b is SEM images of Ex-N-GNSs at lower and higher magnification. These SEM images reveal the wrinkled, porous, three-dimentional architectures with interconnected pore channels of Ex-N-GNSs. Very open, disorder structures with various shapes and sizes of graphene are reported [49] [50] [51] . Figure 1b is the higher magnification image of Ex-N-GNSs shown in Figure 1a . This favorable morphology facilitates oxygen transport and provides enough voids to accommodate discharge products. Figure 1c ,d is the morphology of nitrogen-doped carbon at lower and higher magnification, respectively. Figure 1c ,d exhibits a fibrous, as well as flake-or plate-like structure. Energy dispersive X-ray (EDX) spectroscopic analysis conducted on Ex-N-GNSs revealed the nitrogen content to be 3 to 4 at wt %, while nitrogen-doped carbon has 5 to 7 at wt %. of nitrogen. This value of nitrogen doping is consistent with the values reported in the literature, wherein 3 to 5 at wt % of nitrogen in N-doped, reduced graphene were reported [49, 50] . These starting materials, nitrogen-doped carbon and Ex-N-GNSs, were used to prepare Hybrid 1. 
Microstructure of GNSs

Nitrogen Adsorption-Desorption Isotherm
A typical nitrogen adsorption-desorption isotherm at 77 K for Ex-N-GNSs is shown in Figure 2 and for Hybrid 1 in Figure S1 (Supplementary Information). Isotherm shows adsorption hysteresis indicating the presence of mesopores. The Brunauer-Emmett-Teller (BET) surface area, pore volume and pore size of GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 are presented in Table 1 . The remarkable nitrogen uptake above the relative pressure ratio of 0.40 has been observed in BET isotherms and is due to the condensation of nitrogen in porous GNSs. The pore size distribution of Ex-N-GNSs is shown in Figure 2b , and indicates a wide variation in pore size. Such high porosity helps to improve the cell capacity of lithium-oxygen cell, as described in the oxygen diffusion model that predicts the cathode pore radius is reflective of the distribution of the discharge products like lithium peroxide formed in the cathode during the cell discharge [52] . 
Cyclic Voltammetry
The electro-catalytic ability of GNSs, N-GNSs, Ex-N-GNSs and Hybrid 1 in oxygen saturated aqueous solution of 0.1 M KOH was evaluated by cyclic voltammetry (CV). In this work, CV measurements were performed to check the electro-catalytic ability for its selection as cathode materials to fabricate lithium-oxygen cell. Figure 3 shows typical cyclic voltammograms for Ex-N-GNSs and Hybrid 1 with well-defined ORR peaks (C1 and C2), as well as the broad and weak anodic oxidative peaks (A1 and A2) in oxygen saturated 0.1 M KOH. CV curves for GNSs and N-GNSs are presented in Figure S2 . Well defined ORR peaks at around −0.434 V and −0.596 V vs. the saturated calomel electrode (SCE) were observed for Ex-N-GNSs and Hybrid 1, respectively. The catalytic reduction current density for Ex-N-GNSs and Hybrid 1 were found to be 0.97 and 1.2 mA/cm 2 , respectively. Compared to Ex-N-GNSs, Hybrid 1 exhibits higher magnitude difference in catalytic reduction current density at the potential along the negative scan. It is observed from Figure 3 that the total cathodic current density for Ex-N-GNSs and Hybrid 1 are 2.78 and 3.55 mA/cm 2 , respectively. The observed higher capacitive current is due to the surface defects on the graphene. Such an analogous increase in capacitive current values is reported and it is stated that the surface defects lead to a significant increase in capacitance values and surface reaction kinetics in carbon nanomaterials [53, 54] . In our work, a slightly higher capacitance is observed for Hybrid 1 in oxygen saturated KOH solution than in nitrogen saturated KOH, but the ratio of capacitance is reasonable. Hybrid 1 electrode is a blend of Ex-N-GNSs and nitrogen-doped carbon powder. Nitrogen-doping and exfoliation of graphene creates defects on the edges and walls of graphene. These defects and structural modification of Ex-N-GNSs in Hybrid 1 are beneficial for adsorption of oxygen molecules, which leads to the modification of electronic properties of Hybrid 1. Thus, the slight higher capacitance observed in Hybrid 1 electrode in oxygen saturated KOH may be due to the adsorption of oxygen and higher conductivity in oxygen saturated KOH solutions. In addition, graphene lattice orientation and various functional groups on the surface of Ex-N-GNSs may also help increase the current in oxygen saturated KOH solution. Additional studies will be required to understand the origin and reaction kinetics in graphene nanomaterials. In addition to ORR peaks, Figure 3 also shows broad anodic oxidative peaks (A1 and A2) around 0.548 V and 0.458 V for Ex-N-GNSs and Hybrid 1, respectively. The origin of these anodic peaks (A1 and A2) is not clear, but they could be arising from the support electrode. Compared to Ex-N-GNSs, Hybrid 1 exhibits higher magnitude difference in reduction current at potential along the negative scan direction, indicating stronger electro-catalytic activity.
It is observed from Figure 3 that the cathodic peak is significantly stronger than the anodic peak. The total cathodic and anodic current densities for Ex-N-GNSs are 2.78 and 2.24 mA/cm 2 , respectively. For Hybrid 1, the total cathodic and anodic current densities are 3.55 and 1.85 mA/cm 2 , respectively. There is asymmetry in the cathodic and anodic peak locations and intensities. This asymmetry may be due to kinetic hindrance to the transport of O2 and asymmetric activation energy for the involved reactions. In spite of the nature of these peak locations, Figure 3 clearly demonstrates the electro-catalytic activity for Ex-N-GNSs and Hybrid 1 cathode materials towards oxygen reduction. 
Discharge Profile of Cathodes in Lithium-Oxygen Battery
Based on the high surface area, porous structure as well as electro-catalytic activity towards oxygen reduction of GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1, solid-state lithium-oxygen cells with 1 cm 2 active area were fabricated. A schematic of cell configuration is shown in Figure 4 . A lithium anode and graphene based cathode is separated by a solid electrolyte laminate. The solid electrolyte laminate is comprised of LAGP solid electrolyte and two polymer-ceramic (PC) membranes, prepared from dried polyethylene oxide (PEO), LiBETI salt, and Li2O, as reported in literature [39] . The cathode side of the cell has perforations to access oxygen. Lithium metal anode was coupled to the oxygen cathode through the solid electrolyte laminate, described in detail our previous work [39] . A solid-state cell, such as the one investigated in this effort, is subjected to a conditioning cycle using a small discharge and charge current of 0.05 mA. This conditioning of lithium-oxygen cell is carried at 75 °C. During this conditioning process, the PC membrane becomes soft. The PC membrane bonds the graphene based cathode to one side of LAGP and other PC membrane bonds the other side of LAGP electrolyte to lithium anode. It is observed that the PC membrane reduces the impedance of the cell and passivates the lithium surface from reacting with LAGP. The solid electrolyte laminate provides high ionic conductivity for transport of lithium ions from lithium anode to oxygen cathode [55] . In addition, the electrolyte laminate improves lithium-electrolyte interfacial stability. No liquid electrolyte was used in this work. LAGP was used as solid electrolyte. LAGP is not commercially available and hence was prepared by conventional solid-state reaction technique reported in the literature [56, 57] .
The electrochemical performance of GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 was evaluated as cathodes in lithium-oxygen cell in oxygen atmosphere. Figure 5 shows the first discharge profiles of the lithium-oxygen cells with GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 cathodes using discharge current of 0.2 mA at 75 °C. Cell with Hybrid 1 as cathode delivers five times higher cell capacity (9.82 mAh) than the cell with cathode composed of GNSs. Cells composed of GNSs, N-GNSs, and Ex-N-GNSs as cathodes delivered 1.98, 2.75 and 5.87 mAh discharge capacities, respectively. It is observed from Table  1 that there is an incremental increase in discharge cell capacity from the cell composed of GNSs to the Hybrid 1. In our previous work on cells composed of carbon blend (mixture of Ketjenblack and Calgon activated carbon) and nitrogen-doped carbon blend under identical conditions delivered 0.7 and 1.44 mAh cell capacity [40] . Thus, cell capacity enhancement is more than two times when the carbon blend is replaced by graphene in the cathode of lithium-oxygen cells; while nitrogen doping in GNSs and exfoliation of nanosheets has further improved the cell capacity by more than two times. To maintain consistency with the literature, the specific capacities, normalized with the weight of the graphene and/or carbon present in cathode material, for GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 cathodes were evaluated and presented in Table 1 . Cell based on Hybrid 1 exhibits highest discharge cell capacity (9.82 mAh) and specific capacity (1687.3 mAh/g) among all cathodes studied in this work. It is observed from Table 1 that Hybrid 1 has larger pore size than the N-C blend. A larger pore size improves oxygen diffusion into the cathode matrix, facilitating oxygen reduction inside the surface of the pores, and yields higher discharge capacity. Our results are consistent with those of Ding et al., who reported the influence of carbon pore size on the discharge capacity of lithium-oxygen battery [58] . It is also reported that the uniformity of the pore size plays an important role in determining the electrochemical performance of these cells [59] . Compared to N-C blend cathode, Hybrid 1 has a lower surface area and porosity but still exhibits higher discharge cell capacity (Table 1 ). This may be attributed to difference in the microstructure of these cathode materials (Figure 1 ), larger pore size (Table 1) , as well as higher active/effective electrochemical surface area of Hybrid 1 cathode than N-C blend cathode. These results are consistent with those of Yang et al. [60] on cathode fabricated with low surface area and larger pore size carbon, and our earlier work [40, 42] on cathode fabricated with carbon, N-C blend and LAGP that exhibits enhanced discharge cell capacity. Sun et al. reported the influence of microstructure of graphene and Vulcan XC-72 carbon cathode on the discharge capacity of lithium-oxygen battery [61] . It is also reported that the zigzag edges of graphene nanosheets have unique edge state's electronic structure, offering special chemical reactivity and serve as active sites for the electrochemical reaction of oxygen [62, 63] . The cathode material, Hybrid 1 was prepared by mixing nitrogen-doped carbon powder and Ex-N-GNSs. Our rationale for using the nitrogen-doped carbon was to take advantage of the high surface area (1385 m 2 /g) and high porosity (42%) of nitrogen-doped carbon [40] . Addition of nitrogen-doped carbon to Ex-N-GNSs (surface area of 686.6 m 2 /g and porosity of 24.5%) increases its porosity to 30% and surface area to 900 m 2 /g in Hybrid 1 (Table 1) . High porosity facilitates more efficient access of gaseous O2 molecules to the reaction sites inside the pores of Hybrid 1. A high surface area is desirable to enhance the oxygen reduction activity on catalytic reaction sites. In this work, Ex-N-GNSs show superior electro-catalytic activity for oxygen reduction reaction. Thus, combination of nitrogen-doped carbon and Ex-N-GNSs in the Hybrid 1 affords high electro-catalytic sites to catalyze the discharge reaction, leading to higher discharge cell capacity. In order to check repeatability of the cell capacity of these graphene based cathodes, the measurements were carried out on two sets of cathode material. Both cathode materials delivered similar discharge capacity. In addition, a higher porosity of cathodes increases oxygen diffusivity in the cathode and accumulates the reaction products that help to improve the cell capacity. It is reported that the pores of different sizes are filled with discharge products at different rate [64] . A gradual decrease in cell discharge from 2.8 to 2.4 V is also observed in Figure 5 for Hybrid 1. A sharp cell discharge is observed at around 2.1 V for N-GNSs and Ex-N-GNSs; while GNSs show a sharp cell discharge at around 2.5 V. It is noticed from Figure 5 that, although open circuit voltage (OCV) of all cells are high, there is a significant potential drop during the initial stage of discharge. This potential drop is due to both an activation barrier of cathode chemistry that includes kinetics, and series resistances between various cell components. 
Electrochemical Impedance Spectroscopy of Cathodes
Electrochemical impedance spectroscopy (EIS) was used to investigate the electrochemical performance of cathode in the lithium-oxygen cell. The impedance of the lithium-oxygen cell was measured before and after discharge. Typical Nyquist plots after discharge in the frequency range from 1 Hz to 1 MHz for GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1 are shown in Figure 6 . A simple Randall equivalent circuit model was used to describe the observed impedance spectrum. All plots exhibit a semicircle with tail. The high frequency intercept on the Z' axis corresponds to the resistance of the cell which includes contributions from the electrodes, electrolyte, and contact resistance. The numerical value of width of semicircle on the Z' axis corresponds to the charge transfer resistances. A tail in the low frequency region represents the characteristics of a diffusion controlled process due to the diffusion of lithium ions and oxygen in the cathode [65] . Nyquist plots before the discharge ( Figure S3 ) exhibit a lower charge-transfer resistance for Hybrid 1, pointing to faster charge-transfer kinetics. From the Nyquist plots obtained after discharge, the values of charge-transfer resistance were determined to be 310, 198, 175, and 263 Ω for the GNSs, N-GNSs, Ex-NGSs, and Hybrid 1, respectively. EIS analysis suggests that the major contribution to the cell resistance is the charge-transfer resistance. Thus, the nitrogen doping and exfoliation of graphene nanosheets reduces charge-transfer resistance and improves the ORR as evidenced from Figures 6 and S3. In addition, at a discharge current of 0.2 mA, there is an increase in cell capacity of lithium-oxygen cell prepared with N-GNSs, Ex-N-GNSs, and Hybrid 1 relative to the capacity of cells with GNSs. Both of these observations lead to the conclusion that nitrogen doping and exfoliation of graphene/carbon helps improve the kinetics of ORR in the oxygen cathode. EIS results combined with CV experiments lead to the conclusion that the electro-catalytic activity towards the ORR progressively increases for N-GNSs, Ex-NGSs, and Hybrid 1 in oxygen cathode. 
Experimental Section
Preparation of Cathode Material
Commercially available GNSs (Angstron Materials, Inc., Dayton, OH, USA) were heated in a vacuum oven at 250 °C to remove any residual surfactants. These thermally treated GNSs were used for preparation of N-GNSs and Ex-N-GNSs. The procedure described in the literature [31] was used for preparing N-GNSs and Ex-N-GNSs. In addition, Hybrid 1 was prepared by mixing nitrogen-doped carbon (mixture of nitrogen-doped Calgon activated carbon and Ketjenblack carbon in 40:60 wt % ratio) and Ex-N-GNSs in 50:50 wt % ratio. These powders of GNSs, N-GNSs, Ex-N-GNSs and Hybrid 1 were used to fabricate oxygen cathodes.
Characterization of Cathode Materials
A scanning electron microscope (JEOL JSM-6060) equipped with an energy dispersive X-ray (EDX) spectroscopy assembly was used to investigate the morphologies of the specimens. The surface areas of the specimens were determined by nitrogen adsorption/desorption measurements at 77 K (Micromeritis ASAP 2020). The porosity of cathode material was characterized by a gas pycnometer (Micromeritis, Accu Pyc II 1340). CV and galvanostatic charge-discharge measurements of the specimens were conducted using a computer controlled VersaSTAT 4 (Princeton Applied Research) electrochemical workstation. CV measurements were performed in a standard three-electrode cell configuration using 0.1 M KOH as the electrolyte at 25 °C with a scan rate of 5 mV·min . The working electrode for CV measurement was prepared by applying a paste of specimen and Nafion (tetrafluoroethylene based fluoropolymer-copolymer) on the tip of a graphite rod. Pt wire and SCE were used as counter and reference electrodes, respectively. All potentials were measured with respect to SCE. EIS measurements on the lithium-oxygen cells were conducted over a frequency range of 1 Hz to 1 MHz before and after discharge/charge measurements. All electrochemical tests on these cells were carried under an oxygen atmosphere.
Fabrication and Electrochemical Performance of Cathode
Each of these powders, GNSs, N-GNSs, Ex-N-GNSs, and Hybrid 1, were mixed and dispersed in N-methyl-2-pyrrolidone (NMP) by probe sonication to obtain a viscous slurry. A nickel foam was then suspended in this solution with sonication for 90 min. This process was carried to load cathode materials in the open voids of nickel foam. Subsequently, the cathode specimen was dried overnight at 120 °C under vacuum. A solid-state lithium-oxygen cell with a 1 cm 2 area was fabricated using a Swagelok type cell in a dry room with controlled moisture content. Nickel foam with GNSs/N-GNSs/Ex-N-GNSs/Hybrid 1 was used as working cathodes, along with lithium metal as anode and LAGP as solid electrolyte. The lithium-oxygen cells were discharged with constant discharge current of 0.2 mA. EIS measurements on the lithium-oxygen cells were conducted over a frequency range of 1 Hz to 1 MHz before and after discharge/charge measurements. All electrochemical tests on these cells were carried out under an oxygen atmosphere.
Conclusions
In conclusion, this work demonstrates excellent cell performance of lithium-oxygen cell with cathode formulation based on GNSs. Cell composed of Hybrid 1 cathode delivers 9.82 mAh discharge cell capacity and 1687.3 mAh/g specific capacity. By comparison to the GNSs with a discharge cell capacity of 1.98 mAh and a specific capacity of 330 mAh/g, the Hybrid 1 studied here exhibited five times the enhancement in the cell capacity. This enhancement is more than an order of magnitude, when the discharge cell capacity of Hybrid 1 is compared to carbon blend [40] reported in our earlier work. The improvement in the cell capacity is attributed to the synergistic effect of microstructure, active/effective electrochemical surface area, pore size, percent porosity and electro-catalytic activity of Ex-N-GNSs and nitrogen-doped carbon blend used in Hybrid 1 cathode. This work highlights the importance of novel cathode architecture and opens up a promising approach to develop highly efficient oxygen electrodes for lithium-oxygen cells.
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